Abstract. High-accuracy astrometry permits the determination of not only stellar tangential motion, but also the component along the line-of-sight. Such non-spectroscopic (i.e. astrometric) radial velocities are independent of stellar atmospheric dynamics, spectral complexity and variability, as well as of gravitational redshift. Three methods are analysed: (1) changing annual parallax, (2) changing proper motion and (3) changing angular extent of a moving group of stars. All three have significant potential in planned astrometric projects. Current accuracies are still inadequate for the first method, while the second is marginally feasible and is here applied to 16 stars. The third method reaches high accuracy (< 1 km s −1 ) already with present data, although for some clusters an accuracy limit is set by uncertainties in the cluster expansion rate.
Introduction
For well over a century, radial velocities for objects outside the solar system have been determined through spectroscopy, using the (Doppler) shifts of stellar spectral lines. The advent of high-accuracy (sub-milliarcsec) astrometric measurements, both on ground and in space, now permits radial velocities to be obtained by alternative methods, based on geometric principles and therefore independent of spectroscopy. The importance of such astrometric radial velocities stems from the fact that they are independent of phenomena which affect the spectroscopic method, such as line asymmetries and shifts caused by atmospheric pulsation, surface convection, stellar rotation, stellar winds, isotopic composition, pressure, and gravitational potential. Conversely, the differences between spectroscopic and astrometric radial velocities may provide information on these phenomena that cannot be obtained by other methods. Although the theoretical possibility of deducing astrometric radial velocities from geometric projection effects was noted already at the beginning of the 20th century (if not earlier), it is ⋆ Based (in part) on observations by the ESA Hipparcos satellite only recently that such methods have reached an accuracy level permitting non-trivial comparison with spectroscopic measurements.
We have analysed three methods by which astrometric radial velocities can be determined (Fig. 1) . Two of them are applicable to individual, nearby stars and are based on the well understood secular changes in the stellar trigonometric parallax and proper motion. The third method uses the apparent changes in the geometry of a star cluster or association to derive its kinematic parameters, assuming that the member stars share, in the mean, a common space velocity. In Sects. 4 to 6 we describe the principle and underlying assumptions of each of the three methods and derive approximate formulae for the expected accuracy of resulting astrometric radial velocities. For the first and second methods, an inventory of nearby potential target stars is made, and the second method is applied to several of these.
However, given currently available astrometric data, only the third (moving-cluster) method is capable of yielding astrophysically interesting, sub-km s −1 accuracy. In subsequent papers we develop in detail the theory of this method, based on the maximum-likelihood principle, as well as its practical implementation, and apply it to a number of nearby open clusters and associations, using data from the Hipparcos astrometry satellite.
Notations
In the following sections, π, µ and v r denote the trigonometric parallax of a star, its (total) proper motion, and its radial velocity. The components of µ in right ascension and declination are denoted µ α * and µ δ , with µ = (µ 2 α * + µ 2 δ ) 1/2 . The dot signifies a time derivative, as inπ ≡ dπ/dt. The statistical uncertainty (standard error) of a quantity x is denoted ǫ(x).
(We prefer this non-standard notation to ǫ x , since x is itself often a subscripted variable.) σ v is used for the physical velocity dispersion in a cluster. A = 1.49598 × 10 8 km is the astronomical unit; the equivalent values 4.74047 km yr s −1 and 9.77792 × 10 8 mas km yr s −1 are conveniently used in equations below (cf. (ESA 1997) achieved for its main observation programme of more than 100 000 stars. Current ground-based proper motions may be slightly better than this, but not by a large factor. This case therefore represents, more or less, the state-of-the-art accuracy in optical astrometry. Accuracies in the 1 to 10 µas range are envisaged for some planned or projected space astrometry missions, such as GAIA (Lindegren & Perryman 1996) and SIM (Unwin et al. 1998 ). The duration of such a mission is here assumed to be about 5 years. Using the longer-time baselines available with ground-based techniques, similar performance may in the future be reached with the most accurate ground-based techniques (Pravdo & Shaklan 1996; Shao 1996) . Case B therefore corresponds to what we could realistically hope for within one or two decades. Case C, finally, probably represents an upper limit to what is practically feasible in terms of longterm proper-motion accuracy, not to mention the patience of astronomers.
Radial velocity from changing annual parallax
The most direct and model-independent way to determine radial velocity by astrometry is to measure the secular change in the trigonometric parallax (Fig. 1a) . The distance b (from the solar system barycentre) is related to parallax π through b = A/ sin π ≃ A/π. Since v r =ḃ, the radial velocity is
where A is the astronomical unit (Sect. 2). The equivalent of Eq.
(1) was derived by Schlesinger (1917) , who concluded that the parallax change is very small for every known star. However, although extremely accurate parallax measurements are obviously required, the method is not as unrealistic as it may seem at first. To take a specific, if extreme, example: for Barnard's star (Gl 699 = HIP 87937), with π = 549 mas and v r = −110 km s −1 , the expected parallax rate isπ = +34 µas yr −1 . According to our discussion in Sect. 3 this will almost certainly be measurable in the near future. 
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Parallel stellar paths Fig. 1 . Three methods to astrometrically determine stellar radial motion: a Changing trigonometric parallax π; b Perspective change in the proper motion µ; c Changing angular separation ρ of stars sharing the same space velocity, e.g. in a moving cluster.
It can be noted that the changing-parallax method, in contrast to the methods described in Sect. 5 and 6, does not depend on the object having a large and uniform space motion, and would therefore be applicable to all stars within a few parsecs of the Sun.
Achievable accuracy
The accuracy in v r is readily estimated from Eq. (1) for a given accuracy inπ, since the contribution of the parallax uncertainty to the factor A/π 2 is negligible. The achievable accuracy inπ depends both on the individual astrometric measurements and on their number and distribution in time. Concerning the temporal distribution of the measurements we consider two limiting situations: Table 1 . Number of target stars, and achievable accuracy in the radial velocity, as obtained from the changing annual parallax. n = number of stars with parallax greater than π in the Third Catalogue of Nearby Stars (Gliese & Jahreiß 1991) ; ǫ(v r ) = predicted accuracy according to Eqs. (2) and (3). Case B: space astrometry mission lasting L = 5 yr and yielding parallaxes with standard error ǫ(π) = 1 µas and consequently ǫ(π) = 0.69 µas yr −1 ; Case C: combination of two such measurements, ǫ(π 1 ) = ǫ(π 2 ) = 1 µas, with a large epoch difference, T = 50 yr. Quasi-continuous observation. The measurements are more or less uniformly spread out over a time period of length L centred on the epoch t 0 . This is a good approximation to the way a single space mission would typically be operated; for example, Hipparcos had L ≃ 3 yr and t 0 ≃ 1991.25. In such a case there exist simple (mean) relations between how accurately the different astrometric parameters of the same star can be derived, depending on L.
is the accuracy of the proper motion in declination and ǫ(δ) that of the declination at t 0 . This approximation is applicable to Case A and B as defined in Sect. 3.
Two-epoch observation. Two isolated parallax or propermotion measurements are taken, separated by a long time interval (say, T years) during which no observation takes place. Each measurement must actually be the result of a series covering at least a year or so, but the duration of each such series is assumed to be negligible compared with T . This could be two similar space missions separated by several decades and is applicable to Case C in Sect. 3.
For quasi-continuous observation we may assume that the parallax variation is linear over the observation period L. Thus, π(t) = π 0 +(t−t 0 )π, where π 0 andπ are two parameters to be determined from the observations. There exists an approximate relation between the accuracies of these two parameters that is similar to that between the proper motion and the position at the mean epoch, viz. ǫ(π) = ( √ 12/L)ǫ(π 0 ). Moreover, the estimates of the two parameters are uncorrelated, so ǫ(π 0 ) equals the accuracy ǫ(π) of a parallax determination in the absence of the parallax-change term; thus
In the case of a two-epoch observation, let us assume that independent parallax measurements π 1 and π 2 are made at epochs t 1 and t 2 = t 1 + T . The estimated rate of change isπ = (π 2 − π 1 )/T . With ǫ(π 1 ) and ǫ(π 2 ) denoting the accuracies of the two measurements, we have
For given observational errors we find, from both Eq. (2) and (3), that the radial-velocity error is simply a function of distance. The number of potential target stars for a certain maximum radial-velocity uncertainty is therefore given by the total number of stars within the corresponding maximum distance. Table 1 gives the actual numbers of such stars, and the observational accuracies that may be reached.
Radial velocity from changing proper motion (perspective acceleration)
To a good approximation, single stars move with uniform linear velocity through space. For a given linear tangential velocity, the angular velocity (or proper motion µ), as seen from the Sun, varies inversely with the distance to the object. However, the tangential velocity changes due to the varying angle between the line of sight and the space-velocity vector (Fig. 1b) .
As is well known (e.g. van de Kamp 1967 , Murray 1983 ) the two effects combine to produce an apparent (perspective) acceleration of the motion on the sky, or a rate of change in proper motion amounting toμ = −2µv r /b. With b = A/π we find
Schlesinger (1917) derived the equivalent of this equation, calculated the perspective acceleration for Kapteyn's and Barnard's stars (cf. Table 2 ) and noted that, if accurate positions are acquired over long periods of time, "we shall be in position to determine the radial velocities of these stars independently of the spectroscope and with an excellent degree of precision". The equation for the perspective acceleration was earlier derived by Seeliger (1901) 1 and used by Ristenpart (1902) in an (unsuccessful) attempt to determineμ observationally for Groombridge 1830. A major consideration for Ristenpart seems to have been the possibility to derive the parallax from the apparent acceleration in combination with a spectroscopic radial velocity. Such a determination of 'acceleration parallaxes' was also considered by Eichhorn (1981) .
Subsequent attempts to determine the perspective acceleration of Barnard's star by Lundmark & Luyten (1922) , Alden (1924) and van de Kamp (1935b) yielded results that were only barely significant or (in retrospect) spurious. Meanwhile, Russell & Atkinson (1931) suggested that the white dwarf van (Gliese & Jahreiß 1991) . Columns: CNS3 = identifier in CNS3; HD = identifier in the HD/HDE catalogue; HIP = identifier in the Hipparcos Catalogue; Sp = spectral classification in CNS3; V = visual magnitude; b = distance from the Sun; πµ = product of parallax and proper motion; ǫ(v r ) = predicted accuracy of the astrometric radial velocity (Case B: space astrometry mission lasting L = 5 yr and yielding an accuracy of ǫ(µ) = 1 µas yr −1 for the mean proper motion and consequently ǫ(μ) = 1.55 µas yr −2 for the acceleration; Case C: the combination of two such measurements with ǫ(µ 1 ) = ǫ(µ 2 ) = 1 µas yr
having an epoch difference T = 50 yr). In the last column, P is the orbital period of a binary. Possibly, the star CF UMa does not exist, being an erroneous catalogue entry. Maanen 2 might exhibit a gravitational redshift of several hundred km s −1 and that this could be distinguished from a real radial velocity through measurement of the perspective acceleration. The astrophysical relevance of astrometric radial-velocity determinations was thus already established (Oort 1932) .
In relatively recent times, the perspective acceleration was successfully determined for Barnard's star by van de Kamp Dravins et al.: Astrometric radial velocities I. Non-spectroscopic methods 5 (1962, 1963, 1967, 1970, 1981) ; for van Maanen 2 by van de Kamp (1971) , Gatewood & Russell (1974) and Hershey (1978) ; and for Groombridge 1830 by Beardsley et al. (1974) . Among these determinations the highest precisions, in terms of the astrometric radial velocity, were obtained for Barnard's star (corresponding to ±4 km s −1 ; van de Kamp 1981) and van Maanen 2 (±15 km s −1 ; Gatewood & Russell 1974 ). Our application of the method, combining Hipparcos measurements with data in the Astrographic Catalogue, yielded radial velocities for 16 objects, as listed in Table 3 .
Achievable accuracy
The accuracy of the radial velocity calculated from Eq. (4) can be estimated as in Sect. 4.1. It depends on the parallax-propermotion product πµ. The most promising targets for this method are listed in Table 2 , which contains the known nearby stars ranked after decreasing πµ.
For quasi-continuous observation during a period of length L we may use a quadratic model for the angular position φ of the star along the great-circle arc:
. Here µ 0 is the proper motion at the central epoch t 0 . The estimates of µ 0 andμ are found to be uncorrelated and their errors related by
where ǫ(µ) is the accuracy of proper-motion measurements in the absence of temporal changes. We neglect the (small) contribution to ǫ(v r ) from the uncertainty in the denominator πµ. For a two-epoch observation, consider proper-motion measurements µ 1 and µ 2 made around t 1 and t 2 = t 1 + T . The estimated acceleration isμ = (µ 2 − µ 1 )/T . Provided the two observation intervals centred on t 1 and t 2 do not overlap, the measurements are independent, yielding the standard error
For the radial velocity this gives
Based on these formulae, Table 2 gives the potential radialvelocity accuracy for the two cases B and C defined in Sect. 3. In a two-epoch observation we normally have, in addition, a very good estimate of the mean proper motion between t 1 and t 2 , provided the positions φ 1 and φ 2 at these epochs are accurately known. In the previous quadratic model we may take the reference epoch to be t 0 = (t 1 + t 2 )/2 and find µ 0 = (φ 2 − φ 1 )/T with standard error ǫ(
1/2 /T . The three proper-motion estimates µ 0 , µ 1 and µ 2 (referred to t 0 , t 1 and t 2 ) are mutually independent and may be combined in a least-squares estimate ofμ. If ǫ(µ 1 ) = ǫ(µ 2 ) (equal weight at t 1 and t 2 ), then it is found that µ 0 does not contribute at all to the determination ofμ, and the standard error is still given by Eq. (6). If, on the other hand, the two observation epochs are not equivalent, then some improvement can be expected by introducing the position measurements.
An important special case is when there is just a position (no proper motion) determined at one of the epochs, say t 1 . This is however equivalent to the two independent propermotion determinations µ 0 at t 0 = (t 1 + t 2 )/2, and µ 2 at t 2 , separated by t 2 − t 0 = T /2. Applying Eq. (6) on this case yields
This formula is applicable on the combination of a recent position and proper-motion measurement (e.g. by Hipparcos) with a position derived from old photographic plates (e.g. the Astrographic Catalogue). Taking t 1 ∼ 1907, ǫ(φ 1 ) ≃ 200 mas as representative for the Astrographic Catalogue, and t 2 = 1991.25, ǫ(φ 2 ) ≃ 1 mas, ǫ(µ 2 ) ≃ 1 mas yr −1 for Hipparcos, we find ǫ(v r ) ≃ (60 km s −1 arcsec 2 yr −1 )/(πµ). With such data, moderate accuracies of a few tens of km s −1 can be reached for several stars (Sect. 5.3).
Effects of gravitational perturbations
The perspective-acceleration method depends critically on the assumption that the star moves with uniform space motion relative the observer. The presence of a real acceleration of their relative motions, caused by gravitational action of other bodies, would bias the calculated astrometric radial velocity by −g t /2µ, where g t is the tangential component of the relative acceleration. The acceleration towards the Galactic centre caused by the smoothed Galactic potential in the vicinity of the Sun is g ≃ 2 × 10 −13 km s −2 . For a hypothetical observer near the Sun but unaffected by this acceleration, the maximum bias would be 0.06 km s −1 for Barnard's star, and 0.17 km s −2
for Proxima. However, since real observations are made relative the solar-system barycentre, which itself is accelerated in the Galactic gravitational field, the observed (differential) effect will be very much smaller. In the case of Proxima the acceleration towards α Cen AB is of a similar magnitude as the Galactic acceleration. For the several orbital binaries in Table 2 the curvature of the orbit is much greater than the perspective acceleration. Application of this method will therefore require careful correction for all known perturbations: the possible presence of long-period companions may introduce a considerable uncertainty.
Among other effects which may have to be considered are light-time effects which, to first order in c −1 , may require a correction of −v 2 t /2c on the right-hand side of Eq. (4), where v t is the tangential velocity. For typical high-velocity (Population II) stars the correction is 0.1-0.2 km s −1 . At this accuracy level, the precise definition of the radial-velocity concept itself requires careful consideration (Lindegren et al. 1999) .
Results from observed proper-motion changes
Past determinations of the perspective acceleration, e.g. by van de Kamp (1981) and Gatewood & Russell (1974) , were based on photographic observations collected over several decades, in which the motion of the target star was measured relative to several background (reference) stars. One difficulty with the method has been that the positions and motions of the reference stars are themselves not accurately known, and that small errors in the reference data could cause a spurious acceleration of the target star (van de Kamp 1935a).
The Hipparcos Catalogue (ESA 1997) established a very accurate and homogeneous positional reference frame over the whole sky. Using the proper motions, this reference frame can be extrapolated backwards in time. It is then possible to rereduce measurements of old photographic plates, and express even century-old stellar positions in the same reference frame as modern observations. This should greatly facilitate the determination of effects such as the perspective acceleration, which are sensitive to systematic errors in the reference frame.
As part of the Carte du Ciel project begun more than a century ago, an astrographic programme to measure the positions of all stars down to the 11th magnitude was carried out and published as the Astrographic Catalogue, AC (see Eichhorn 1974 for a description). After transfer to electronic media, the position measurements have been reduced to the Hipparcos reference frame (Nesterov et al. 1998 , Urban et al. 1998 ). The result is a positional catalogue of more than 4 million stars with a mean epoch around 1907 and a typical accuracy of about 200 mas. We have used the version known as AC 2000 (Urban et al. 1998 ), available on CD-ROM from the US Naval Observatory, to examine the old positions of all the stars with HIP identifiers in Table 2 .
For the stars in Table 3 we successfully matched the AC positions with the positions extrapolated backwards from the Hipparcos Catalogue and hence could calculate the astrometric radial velocities. Other potential targets in Table 2 were either outside the magnitude range of AC 2000 (e.g. α Cen and Proxima) or lacked an accurate proper motion from Hipparcos (e.g. van Maanen 2 and HIP 91768+91772).
The basic procedure was as follows. The rigorous epoch transformation algorithm described in Sect. 1.5.5 of the Hipparcos Catalogue, Vol. 1, was used to propagate the Hipparcos position and its covariance matrix to the AC 2000 epoch relevant for each star. This extrapolated position was compared with the actual measured position in AC 2000, assuming a standard error of 200 mas in each coordinate for the latter. A χ 2 goodnessof-fit was then calculated from the position difference and the combined covariance of the extrapolated and measured positions. The epoch transformation algorithm requires that the radial velocity is known. The radial velocity was therefore varied until the χ 2 attained its minimum value. The ±1σ confidence interval given in the table was obtained by modifying the radial velocity until the χ 2 had increased by one unit above the minimum.
For some of the stars, data had to be corrected for duplicity or known orbital motion. The solutions for the resolved binary 61 Cyg (HIP 104214+104217) refer to the mass centre, assuming a mass ratio of M B /M A = 0.90, as estimated by means of standard isochrones from the absolute magnitudes and colour indices of the components (Söderhjelm, private communication). For the astrometric binary µ Cas (HIP 5336) the Hippar- Table 3 with their spectroscopic counterparts. The straight line is the expected relationship v r (astrom.) ≃ v r (spectr.). The three most accurate determinations are indicated.
Fig. 2. Comparison of the astrometric radial velocities in
cos data explicitly refer to the mass centre using the orbit by Heintz & Cantor (1994) ; the same orbit was used to correct the AC position of the primary to the mass centre. No correction for orbital motion was used for GX And and 40 Eri. Table 3 gives two solutions for 61 Cyg. The first solution was obtained as described above, using only the Hipparcos data plus the AC positions for the two components. The second solution, marked with an asterisk in the table, was derived by including also the observations by Bessel (1839) from his pioneering determination of the star's parallax. Bessel measured the angular distances from the geometrical centre (half-way between the components) of 61 Cyg to two reference stars, called a and b in his paper. After elimination of aberration, proper motion and parallax, he found the distances 461.6171 ± 0.015 arcsec and 706.2791 ± 0.017 arcsec for the beginning of year 1838 (B1838.0 = J1838.0022). The uncertainties are our estimates (standard errors) based on the scatter of the residuals in Bessel's solution 'II'. We identified the reference stars in AC 2000 and in the Tycho Catalogue (ESA 1997) as a = AC 1382543 = TYC 3168 708 1 and b = AC 1382712 = TYC 3168 1106 1. Extrapolating the positions from these catalogues back to B1838 allowed us to compute the position of the geometrical centre of 61 Cyg in the Hipparcos/Tycho reference frame. This could then be transformed to the position of the mass centre, using Bessel's own measurement of the separation and position angle in 61 Cyg and the previously assumed mass ratio. Actually, all the available data were combined into a χ 2 goodness-of-fit measure and the radial velocity was varied in order to find the minimum and the ±1σ confidence interval. This gave v r = −68.0 ± 11.1 km s −1 . Table 3 also gives the spectroscopic radial velocities when available in the literature. A comparison between the astrometric and spectroscopic radial velocities is made in Fig. 2 . Given the stated confidence intervals, the agreement is in all cases rather satisfactory. The exercise demonstrates the basic feasibility of this method, but also hints at some of the difficulties in applying it to non-single stars.
Radial velocity from changing angular extent (moving-cluster method)
The moving-cluster method is based on the assumption that the stars in a cluster move through space essentially with a common velocity vector. The radial-velocity component makes the cluster appear to contract or expand due to its changing distance (Fig. 1c) . The relative rate of apparent contraction equals the relative rate of change in distance to the cluster. This can be converted to a linear velocity (in km s −1 ) if the distance to the cluster is known, e.g. from trigonometric parallaxes. In practice, the method amounts to determining the space velocity of the cluster, i.e. the convergent point and the speed of motion, through a combination of proper motion and parallax data. Once the space velocity is known, the radial velocity for any member star may be calculated by projecting the velocity vector onto the line of sight.
The method can be regarded as an inversion of the classical procedure (e.g. Binney & Merrifield 1998) by which the distances to the stars in a moving cluster are derived from the proper motions and (spectroscopic) radial velocities: if instead the distances are known, the radial velocities follow. The first application of the classical moving-cluster method for distance determination was by Klinkerfues (1873) , in a study of the Ursa Major system. The possibility to check spectroscopic radial velocities against astrometric data was recognised by Klinkerfues, but could not then be applied to the Ursa Major cluster due to the lack of reliable trigonometric parallaxes. This changed with Hertzsprung's (1909) discovery that Sirius probably belongs to the Ursa Major moving group. The relatively large and well-determined parallax of Sirius, combined with its considerable angular distance from the cluster apex, could lead to a meaningful estimate for the cluster velocity and hence for the radial velocities. Rasmuson (1921) and Smart (1939) appear to have been among the first who actually made this computation, although mainly as a means of verifying the cluster method for distance determination. Later studies by Petrie (1949) and Petrie & Moyls (1953) reached formal errors in the astrometric radial velocities below 1 km s −1 . The last paper concluded "There does not appear to be much likelihood of improving the present results until a substantial improvement in the accuracy of the trigonometric parallaxes becomes possible."
One of the purposes of the Petrie & Moyls study was to derive the astrometric radial velocities of spectral type A in order to check the Victoria system of spectroscopic velocities. The method was also applied to the Hyades (Petrie 1963 ) but only with an uncertainty of a few km s −1 . Given the expected future availability of more accurate proper motions and trigonomet-ric parallaxes, Petrie (1962) envisaged that one or two moving clusters could eventually be used as primary radial-velocity standards for early-type spectra.
Such astrometric data are now in fact available. In Sect. 6.1 we derive a rough estimate of the accuracy of the method and survey nearby clusters and associations in order to find promising targets for its application. An important consideration is to what extent systematic velocity patterns in the cluster, in particular cluster expansion, will limit the achievable accuracy. This is discussed in Sect. 6.2 and Appendix A. In Sect. 6.3 we briefly consider the improvement in the distance estimates for individual stars resulting from the moving-cluster method.
The present discussion of the moving-cluster method is only intended to highlight its theoretical potential and limitations. Its actual application requires a more rigorous formulation, which is developed in a second paper.
Potential accuracy
The accuracy of the astrometric radial velocity potentially achievable by the moving-cluster method can be estimated as follows. Let b be the (mean) distance to the cluster and consider a star at angular distance ρ from the centre of the cluster, as seen from the Sun. The projected linear distance of the star from the centre of the cluster is b sin ρ ≃ bρ, provided the angular extent of the cluster is not very large. As the cluster moves through space, its linear dimensions remain constant, so thaṫ ρb + ρḃ = 0. Puttingρ = µ (the proper motion relative to the cluster centre),ḃ = v r , and b = A/π, gives v r = −Aµ/(ρπ). Now suppose that the parallaxes and proper motions of n cluster stars are measured, each with uncertainties of ǫ(π) and ǫ(µ). Standard error propagation formulae give the expected accuracy in v r as
where ρ rms is in radians; A is the astronomical unit (Sect. 2). The expression within the square brackets derives from the uncertainty in the mean cluster distance, by which the derived radial velocity scales. For the type of (space) astrometry data considered here (Case A and B), ǫ(π)/ǫ(µ) is on the order of a few years (for Hipparcos the mean ratio is ≃ 1.2 yr). The factor in brackets can then be neglected except for the most extended (and nearby) clusters. Under certain circumstances it is not the accuracy of proper-motion measurements that defines the ultimate limit on ǫ(v r ), but rather internal velocity dispersion among the cluster stars. Assuming isotropic dispersion with standard deviation σ v in each coordinate, one must add σ v π/A quadratically to the measurement error ǫ(µ) in Eq. (8). Thus
is the accuracy achievable for the radial velocity of the cluster centroid. For the radial velocity of an individual star this uncertainty must be increased by the internal dispersion. The internal velocity dispersion will dominate the error budget for nearby clusters, viz. if π > Aǫ(µ)/σ v . Assuming a velocity dispersion of 0.25 km s −1 and a proper-motion accuracy of 1 mas yr −1 (as for Hipparcos), this will be the case for clusters within 50 pc of the Sun. For an observational accuracy in the 1-10 µas yr −1 range the internal dispersion will dominate in practically all Galactic clusters and Eq. (9) can be simplified to ǫ(v 0r ) ≃ σ v /(ρ rms √ n). In this case the achievable accuracy becomes independent of the astrometric one. Table 4 lists some nearby clusters and associations, with estimates of the achievable accuracy in the radial velocity of the cluster centroid, assuming current (Hipparcos-type) astrometric performance (Case A in Sect. 3) as well as future (microarcsec) expectations (Case B). As explained above, increasing the astrometric accuracy still further gives practically no improvement; this is why Case C is not considered in the table.
The entry 'HIP 98321' refers to the possible association identified by Platais et al. (1998) and named after one of its members. Of dubious status, it was included as an example of the extended, low-density groups that may exist in the general stellar field, but are difficult to identify with existing data. Blaauw (1964) showed that the proper motion pattern for a linearly expanding cluster is identical to the apparent convergence produced by parallel space motions. Astrometric data alone therefore cannot distinguish such expansion from a radial motion. If such an expansion exists, and is not taken into account in estimating the astrometric radial velocity, a bias will result, as examined in Appendix A (Eq. A.7).
Internal velocity fields, including cluster expansion
The gravitationally unbound associations are known to expand on timescales comparable with their nuclear ages (de Zeeuw & Brand 1985) . But also for a gravitationally bound open cluster some expansion can be expected as a result of the dynamical evolution of the cluster (see Mathieu 1985 and Wielen 1988 for an introduction to this complex issue). In either case the inverse age of the cluster or association may be taken as a rough upper limit on the cluster's relative expansion rate κ [yr −1 ]. Eq. (A.7) then gives
for the bias of a star near the centre of the cluster. (For an expanding cluster, δ exp is always negative.) Resulting values, in the last column of Table 4 , are adequately small for a few nearby, relatively old clusters. In other cases the potential bias is very large and will certainly limit the applicability of the method. The OB associations are particularly troublesome, Table 4 . Potential accuracy in astrometric radial velocities of nearby star clusters and associations, using the moving-cluster method. The first five data columns contain general cluster data taken from the literature (see below): n = number of member stars; (photometric) ages; ρ rms = rms angular radius; b 0 = mean distance from the Sun; v r , v t = approximate radial and tangential velocities. The columns headed ǫ(v 0r ) give the potential accuracies according to Eq. (9) assuming ǫ(π) = 1 mas and ǫ(µ) = 1 mas yr −1 (Case A), or ǫ(π) = 1 µas and ǫ(µ) = 1 µas yr −1 (Case B). The final column gives the bias in the astrometric radial velocity estimate (Eq. 10) that would result from neglecting an isotropic expansion of the cluster, assuming that the relative expansion rate equals the inverse age of the cluster. A dash means that no data were available. The cluster data are mostly from Lyngå (1987a Lyngå ( , 1987b [assuming ρ rms to equal the cluster core diameter D in that catalogue], with supplementary data from de Zeeuw et al. (1999 ), de Zeeuw & Brand (1985 , Mermilliod et al. (1996) , Perryman et al. (1998) , Smith & Messer (1983) , Soderblom & Mayor (1993) , and Stryker & Hrivnak (1984) . Tangential velocities and the angular radii of the larger clusters and of all the associations were calculated from data for identified members in the Hipparcos Catalogue (ESA 1997). The memberships for the associations were adopted from de Zeeuw et al. (1999) and Platais et al. (1998) . Ursa Major refers to the rather extended group (UMaG) identified by Soderblom & Mayor (1993) ; 'HIP 98321' to the possible association identified by Platais et al. (1998) . An internal velocity dispersion σ v = 0.25 km s −1 was assumed for all clusters and associations, although a higher value is more likely for associations and the halos of some clusters. not only because they are young objects (implying large values of κ), but also because they sometimes appear to expand significantly faster than their photometric ages would suggest (de Zeeuw & Brand 1985) .
However, it should be remembered that the ultimate limitation set by cluster expansion depends on how accurately the expansion rate κ can be estimated by some independent means. For instance, if κ can somehow be estimated to within 10 per cent of its value, then the residual biases would still be on the sub-km s −1 level for most of the objects in Table 4 . Numerical simulation of the dynamical evolution of clusters might in principle provide such estimates of κ, as could the spectroscopic radial velocities as function of distance. The use of spectroscopic data would not necessarily defeat the purpose of the method, i.e. to determine absolute radial velocities, since the expansion is revealed already by relative measurements.
Distances to the individual stars
In a rigorous estimation of the space motion of a moving cluster, such as will be presented in a second paper, the distances to the individual member stars of the cluster appear as parameters to be estimated. A by-product of the method is therefore that the individual distances are improved, sometimes considerably, compared with the original trigonometric distances (Dravins et al. 1997; Madsen 1999) . The improvement results from a combination of the trigonometric parallax π trig with the kinematic (secular) parallax π kin = Aµ/v t derived from the star's proper motion µ and tangential velocity v t , the latter obtained from the estimated space velocity vector of the cluster. The accuracy of the combined parallax estimate π can be estimated from ǫ( π)
In calculating ǫ(π kin ) we need to take into account the observational uncertainty in µ and the uncertainty in v t from the internal velocity dispersion. The result is
From the data in Table 4 we find that, in Case A, the movingcluster method will be useful to resolve the depth structures of the Hyades cluster and of the associations Cassiopeia-Taurus, Upper Centaurus Lupus, Lower Centaurus Crux, Perseus OB3 and Upper Scorpius. In Case B, all the clusters and associations are resolved by the trigonometric parallaxes, so the kinematic parallaxes will bring virtually no improvement. Calculation of kinematic distances to stars in moving clusters is of course a classical procedure (e.g., Klinkerfues 1873 and van Bueren 1952) ; what is new in our treatment is that such distances are derived without recourse to spectroscopic data.
Further astrometric methods
With improved astrometric data, further methods for radialvelocity determinations may become feasible. The movingcluster method could in principle be applied to any geometrical configuration of a fixed linear size. To reach an accuracy of 1 km s −1 in the astrometric radial velocity of an object at 10 pc distance requires a dimensional 'stability' of the order of 10 −7 yr −1 ; at a distance of 1 kpc the requirement is 10 −9 yr −1 . Since these numbers are greater than or comparable with the inverse dynamical timescales of many types of galactic objects, there is at least a theoretical chance that the method could work, given a sufficient measurement accuracy. We consider briefly two such possibilities.
Binary stars
According to the previous argument it would be possible to ignore the relative motion of the components in a binary if the period is longer than some 10 7 yr. This implies an linear separation of at least some 50 000 astronomical units, or a few degrees on the sky at 10 pc distance. In principle, then, this case is equivalent to a moving cluster with n = 2 stars.
In the opposite case of a (relatively) short-period binary, the radial velocity might be obtained from apparent changes of the orbit. The projected orbit will not be closed, but form a spiral on the sky: slightly diverging if the stars are approaching, slightly converging if they recede. For a system at a distance of 10 pc, say, with a component separation of 10 astronomical units, a radial velocity of 100 km s −1 will change the apparent orbital radius of 1 arcsec by 10 µas per year. The relative positions would need to be measured during at least a significant fraction of an orbital period, or some 20 years in our example, resulting in an accumulated change by about 0.2 mas.
Since only relative position measurements between the same stars are required, the observational challenges are not as severe as in some other cases. For a binary with a few arcsec separation, the isoplanatic properties of the atmosphere imply that the cross-correlation distance between the speckle images of both stars should be stable to better than one mas. Averaging very many exposures should reduce the errors into the µas range, with practical limits possibly set by differential refraction (McAlister 1996) .
Globular clusters
The moving-cluster method (Sect. 6) could in principle be applied also to globular clusters. Globular clusters differ markedly from open clusters in that (potentially) many more stars could be measured, and through a much larger velocity dispersion (∼ 5 km s −1 ; Peterson & King 1975) . The higher number of stars partly compensates the larger dispersion. However, all globular clusters are rather distant, making their angular radii small. As discussed in Sect. 6.1 the approximate formula ǫ(v 0r ) ≃ σ v /(ρ rms √ n) applies in the case when the internal motions are well resolved. Taking ρ rms ∼ 10-20 arcmin as representative for the angular radii of comparatively nearby globular clusters, we find that averaging over some 3 × 10 4 to 10 5 member stars is needed to reach a radial-velocity accuracy comparable with σ v , i.e. several km s −1 . Furthermore, in view of the discussion in Sect. 6.2, it is not unlikely that the complex kinematic structures of these objects (e.g. Norris et al. 1997) would bias the results. Thus, globular clusters remain difficult targets for astrometric radial-velocity determination.
Conclusions
The theoretical possibility to use astrometric data (parallax and proper motion) to deduce the radial motions of stars has long been recognised. With the highly accurate (sub-milliarcsec) astrometry already available or foreseen in planned space mis-sions, such radial-velocity determinations are now also a practical possibility. This will have implications for the future definition of radial-velocity standards, as the range of geometrically determined accurate radial velocities, hitherto limited to the solar system and to solar-type spectra, is extended to many other stellar types represented in the solar neighbourhood.
We have identified and analysed three main methods to determine astrometric radial velocities. The first method, using the changing annual parallax, is the intuitively most obvious one, but requires data of an accuracy beyond current techniques. It is nevertheless potentially interesting in view of future space missions or long-term observations from the ground.
The second method, using the changing proper motion or perspective acceleration of stars, has a long history, and was previously applied to a few objects, albeit with modest precision in the resulting radial velocity. New results for a greater number of stars, obtained by combining old and modern data, were given in Table 3 and Fig. 2 , thus proving the concept. However, to realise the full potential of the method again requires the accuracies of future astrometry projects.
In both these methods the uncertainty in the astrometric radial velocity increases, statistically, with distance squared. They are therefore in practice limited to relatively few stars very close to the Sun and, in the second method, to stars with a large tangential velocity. In the general case, the two methods could actually be combined to yield a somewhat higher accuracy, but at least for the stars considered in Tables 1 and 2 this would only bring a marginal improvement.
The third method, using the changing angular extent of a moving cluster or association, is an inversion of the classical moving-cluster method, by which the distance to the cluster was derived from its radial velocity and convergence point. If the distance is known from trigonometric parallaxes, one can instead calculate the radial velocities. It appears to be the only method by which astrophysically interesting accuracies can be obtained with existing astrometric data. In future papers we will develop and exploit this possibility in full, using data from the Hipparcos mission. A by-product of the method is that the distance estimates to individual cluster stars may be significantly improved compared with the parallax measurements.
One would perhaps expect the moving-cluster method to become extremely powerful with the much more accurate data expected from future astrometry projects. Unfortunately, this is not really the case, as internal velocities (both random and systematic) become a limiting factor as soon as they are resolved by the proper-motion measurements. Nevertheless, even the limited number of clusters within reach of such determinations contain a great many stars spanning a wide range in spectral type and luminosity.
In order that this should be satisfied for all b, it is necessary that (I −rr ′ )T r = 0 and (I −rr ′ )(T b 0 +∆v) = 0 are separately satisfied for all unit vectors r. The latter equation implies that ∆v = −T b 0 .
(A.4)
The former equation can be written T r = rr ′ T r, which shows that r is an eigenvector of T (with eigenvalue r ′ T r). But the only tensor for which every unit vector is an eigenvector is the isotropic tensor, T = Iκ for the arbitrary scalar κ. It follows that the only non-observable component of T is of the form Iκ, parametrised by the single scalar κ, and that consequently eight linearly independent components of T can, in principle, be determined from the astrometric observations. The nonobservable field T = Iκ describes a uniform isotropic expansion (κ > 0) or contraction (κ < 0) of the cluster with respect to its centroid. These effects are observationally equivalent to an approach or recession of the cluster, i.e. to a different value of its radial velocity.
∆v is the bias for the centroid velocity. For any given star, the bias vector δv is the difference between the derived (apparent) space velocity vector v 0 +∆v and the true vector v 0 +T s. For a uniformly expanding cluster κ −1 equals the expansion age, i.e. the time elapsed since all the stars were confined to a very small region of space.
